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Abstract
Nutritional imbalance is one of the main sources of stress in both extant and extinct human 
populations. Restricted availability of nutrients is thought to disrupt the buffering mechanisms that 
contribute to developmental stability and canalization, resulting in increased levels of fluctuating 
asymmetry (FA) and phenotypic variance among individuals. However, the literature is 
contradictory in this regard. This study assesses the effect of prenatal nutritional stress on FA and 
among-individual variance in cranial shape and size using a mouse model of maternal protein 
restriction. Two sets of landmark coordinates were digitized in three dimensions from skulls of 
control and protein restricted specimens at E17.5 and E18.5. We found that, by the end of 
gestation, maternal protein restriction resulted in a significant reduction of skull size. Fluctuating 
asymmetry in size and shape exceeded the amount of measurement error in all groups, but no 
significant differences in the magnitude of FA were found between treatments. Convsersely, the 
pattern of shape asymmetry was affected by the environmental perturbation since the angles 
between the first eigenvectors extracted from the covariance matrix of shape asymmetric 
component of protein restricted and control groups were not significantly different from the 
expected for random vectors. In addition, among-individual variance in cranial shape was 
significanlty higher in the protein restricted than the control group at E18.5. Overall, the results 
obtained from a controlled experiment do not support the view of fluctuating asymmetry of cranial 
structures as a reliable index for inferring nutritional stress in human populations.
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Nutritional deprivation is considered as one of the main sources of stress in both extant and 
extinct human populations with pronounced effects on individual growth and development 
(Bogin, 1999; Rush, 2000; Ruff et al., 2013). Organisms are particularly susceptible to 
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environmental insults during key ontogenetic periods, especially during prenatal growth, 
when morphogenesis is taking place and the rate of cell replication and differentiation is 
high. Accordingly, an extensive body of knowledge shows that unfavorable intrauterine 
environments produce a coordinated set of responses which may cause permanent 
physiological and structural changes with later consequences for individual life (Gluckman 
et al., 2005, 2007; Low et al., 2012). This is mediated by the capacity of developmental 
systems to produce different phenotypes in response to environmental changes, an extended 
property of organisms known as phenotypic plasticity (Pigliucci, 2001; Fusco and Minelli, 
2010). In addition, early exposure to adverse influences such as unbalanced nutrition or 
limited availability of oxygen is thought to disrupt the buffering mechanisms (molecular 
chaperones, gene redundancy, etc.; Willmore and Hallgrímsson, 2005) that contribute to the 
robustness of phenotypes against internal and external perturbations (Parsons, 1992; Leung 
et al., 2000; de Visser et al., 2003; reviewed in Hallgrímsson, 1998). These mechanisms 
account for the ability of organisms to develop a constant phenotype despite genetic or 
environmental variability (canalization) as well as for the tendency for development to 
follow the same trajectory under specific genetic and environmental conditions 
(developmental stability) (Waddington, 1942, Van Valen, 1962; Leamy and Kingenberg, 
2005; Willmore et al., 2007). The alteration of buffering capacity of developmental systems 
will result in the accumulation of small perturbations originated by the sum of stochastic 
events affecting development. As a consequence, an increase of variation among traits 
within individuals as well as between individuals is expected (Palmer, 1994; Leung et al., 
2000; Hoffman and Woods, 2003; Van Dongen and Gangestad, 2011).
A commonly held view is that when resources are limited, their allocation is crucial for 
organism survival and thus nutritional restriction will significanlty reduce the amount of 
energy spent in mechanisms that repair errors originated during organ morphogensis. 
Consequently, the magnitude of phenotypic variance in populations with limited access to 
nutrients will be augmented. These phenotypic responses to environmental stress have been 
of great interest because of their potential use to make inferences about human populations 
in the past (De Leon, 2007; Gawlikowska et al., 2007; Hoover and Matsumara, 2008; Bigoni 
et al., 2013). Nevertheless, the available evidence supporting an association between stress 
and indirect measures of developmental stability and canalization based on phenotypic 
variance is inconsistent (Kujanová et al., 2008; Özener, 2010; Jeong et al., 2013). This might 
be partially due to the fact that most studies are based on comparative data where other 
confounding factors are poorly controlled. In this sense, animal models, for which different 
sources of variation can be manipulated, are fundamental for understanding the effect of 
specific environmental factors on phenotypic variability (Hallgrímsson and Lieberman, 
2008). However, only a few experiments in controlled settings have evaluated the influence 
of prenatal stress on robustness of morphological traits and their results have been mixed 
(Mooney et al., 1985; Kohn and Bennett, 1986; Jones and German, 2005). Some studies that 
measure the magnitude of small, random deviations of both sides of bilateral symmetric 
structures (i.e., fluctuating asymmetry, FA) support an increase of intra-individual variation 
of dental, long bone and parietal variables of neonatal rats with exposure to prenatal 
temperature and noise stress, and early nutrient restriction (Sciulli et al., 1979; Mooney et 
al., 1985). Others show that low-protein diets in rats negatively impact bone growth and 
Gonzalez et al. Page 2









increase variation in ontogenetic trajectories among individuals but have no effect on intra-
individual variation (Jones and German, 2005).
The focus of most studies aimed at analyzing the effect of external factors on developmental 
buffering has been assessing the magnitude of the between and within groups variances as a 
measure of stress. Because the methodological approach used to quantify morphological 
traits was mainly based on linear measures, the influence of developmental perturbations on 
the spatial patterns of morphological variation have not been extensively explored. 
Geometric morphometric methods that incorporate and preserve the spatial relations of 
variables into multivariate analyses were shown to be a powerful tool to detect subtle 
differences both in the amount and pattern of morphological variation in the context of 
investigating developmental stability and canalization (Klingenberg and McIntyre, 1998; 
Mardia et al., 2000; Palmer et al., 2010). This methodological approach has been used to 
discuss whether differences in the magnitude of asymmetry related to genetic and 
environmental factors are caused by an amplification of the same developmental processes 
or different processes are involved (Debat et al., 2011). Under the hypothesis of shared 
mechanisms, the spatial patterns of shape asymmetry are expected to be invariable. 
However, this has been tested only on a few structures and organisms, and thus the 
conclusions drawn from them are rather limited.
The aim of this study was to assess the influence of prenatal nutritional stress on the 
developmental buffering of cranial traits under controlled conditions by using geometric 
morphometric techniques to quantify shape variation. In order to control for other 
confounding factors we used a mouse model of maternal protein restriction during 
pregnancy. Cranial variation was assessed at E17.5 and E18.5 post-conception days by 
means of coordinates of anatomical landmarks in 3D. Specifically, we tested the following 
hypotheses: 1) maternal malnutrition has a negative impact on DS and canalization of the 
fetal skull. Particularly, the protein restricted group is expected to depict an increase in the 
magnitude of intra and inter individual variation of skull size and shape, measured by the 
amount of fluctuating asymmetry and phenotypic variation around the group mean, 
respectively; and 2) early malnutrition affects the pattern of shape asymmetry of the skull. 
Differences in principal components based on the shape asymmetry matrices for control and 
nutrient restricted groups are expected if the pattern of shape asymmetry is changed by this 
environmental perturbation.
Material and methods
C57BL/6J male and female 4-wk-old mice were purchased from The Jackson Laboratory 
(Bar Harbor, ME) and maintained on a 12-h light/12-h dark cycle for 4 weeks. During this 
period of acclimatization they were fed on a control diet (20% protein TD91352, Harlan 
Teklad, Madison). Then, and two weeks before mating, nulliparous females were randomly 
divided into two groups, Control (CG) and Low Protein (LPG). Mice in LPG had ad libitum 
access to a diet with 6% protein (TD90016, Harlan Teklad, Madison,), while mice in the 
Control Group (CG) had ad libitum access to the control diet (20% protein). Both diets are 
isocaloric (3.8 Kcal/g) but differ in the amount of protein in the form of casein and DL-
Methionine. After the two weeks of acclimatization, breeders were placed together overnight 
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and females were checked daily for vaginal plugs. When a plug was detected, the female 
was separated and maintained with the previously assigned diet until the end of the 
experiment. At 17.5 and 18.5 days post-conception, pregnant dams were sacrificed by 
cervical dislocation. The uterus was opened to expose the conceptuses, which were removed 
by drawing a fine pair of forceps between conceptus and uterus. Finally, the sample was 
composed as follows: (a) Control Group E17.5, n=33; (b) Low Protein Group E17.5, n=30; 
(c) Control Group E18.5, n=40; (d) Low Protein Group E18.5, n=31.
All animal procedures were reviewed and approved by the University of Calgary Health 
Sciences Animal Care Committee and experiments were conducted in compliance with this 
approval. Animals were cared for as per the guidelines of the Canada Council on Animal 
Care.
The skulls were fixed overnight in 4% phosphate buffered formaldehyde (PFA) and then 
micro-computed tomography images (μCT 35, Scanco Medical AG, Brüttisellen, 
Switzerland) were obtained for both control and restricted protein groups. Forty-two 
landmarks were digitized on the μCT scans of each mouse cranium using Amira 5.2.2 
(Visualization Science Group). Figure 1 shows the bilateral 3D landmarks digitized from the 
3D reconstructions (a detailed definition of the landmarks used is given in Table 1 of 
supplementary material).
Statistical analyses
The coordinates of landmarks were aligned by means of a generalized least-squares 
Procrustes fit. This procedure optimally translates, rotates and scales coordinates of 
landmarks in order to remove the information on position, orientation and size (Rohlf and 
Slice, 1990). The Procrustes superimposition was made in MorphoJ 1.05c (Klingenberg, 
2011). The centroid size of each configuration of points (i.e., the square root of the summed 
squared distances from all landmarks to the configuration centroid) was estimated for each 
data set and then used to scale the raw coordinates in the Procrustes superimposition 
(Bookstein, 1991).
The magnitude of size FA within groups was assessed by computing separately the centroid 
size of the left and right sides of the skull. Firstly, the signed difference between sides (L-R) 
was estimated for each skull. The normality of L-R distribution was tested and the outliers 
were eliminated prior any subsequent analysis. Then, a standard two-way mixed model 
ANOVA was used to assess the significance of FA (individual:side) and directional 
asymmetry (DA, side effect) within each sample (Palmer 1994). When repeated measures 
are taken, this test evaluates whether FA is larger than measurement error. If the presence of 
significant directional asymmetry was detected, a correction was used to estimate FA 
without the confounding effects of DA. The formula used was: FAcs = |(L-R)-DA|. The 
approach followed here defines FA as the random variation about the mean (L-R) of a given 
bilateral trait, regardless of whether or not the mean is zero (Graham et al., 1993; 
Hutchinson and Cheverud, 1995; DeLeon, 2007).
Estimations of FA corrected for ME and directional asymmetry were then derived from 
these ANOVAs. The FA10 index, according to the terminology by Palmer and Strobeck 
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(2003), was estimated as 0.798 (MSsj – MSm), where MSsj is side:individual interaction 
MS and MSm is the measurement error MS obtained from the ANOVA tables.
In order to assess FA in shape, Procrustes ANOVAs were conducted for each group to 
simultaneously test the effect of side, individual and the interaction individual:side on the 
shape variables (Klingenberg and McIntyre, 1998). If the effect of side was significant, DA 
was corrected by subtracting sample mean values of the difference between sides for each 
coordinate (i.e. directional asymmetry vector) from the specimen values of the difference 
between sides for each coordinate (i.e. asymmetric component of shape coordinates). The 
resulting differences were then squared and summed across all landmarks. The square root 
of this sum was used as a measure of individual shape FA (called Procrustes FA) following 
the approach proposed by Klingenberg and McIntyre (1998).
Permutation ANOVA tests were used to evaluate the effect of protein restriction on size and 
shape FA. For shape data, the Procrustes FA was used as the response variable and treatment 
as the fixed factor. Differences between treatments in size fluctuating asymmetry was tested 
using the measure of FA corrected by directional asymmetry. In this model FAcs was the 
dependent or response variable, while treatment was used as the fixed factor. The ANOVA 
test was estimated using the function aovp from the lmPerm package (Wheeler, 2010).
The comparison of Procrustes FA between groups quantifies differences in the magnitude of 
overall asymmetry, but the spatial patterns of asymmetry might be also altered by 
environmental perturbations. In order to investigate the patterns of shape asymmetry we first 
computed the covariance matrix based on the asymmetric component, for each age and 
treatment using the average of the two series of measurements. Then, we performed a 
Principal Component Analysis on this matrix. The similitude of shape FA patterns among 
treatments was tested by estimating the angles formed by pairs of eigenvectors from the 
covariance matrices and comparing the values obtained to expected angles between pairs of 
random vectors. This allowed to test whether the patterns of FA among groups were more 
similar than expected from random variation. Lower p-values indicate that the angle 
between the vectors of interest is significantly different from the expected by chance alone. 
This procedure is based on Klingenberg and McIntyre (1998) and Debat et al. (2001). We 
also estimated the angle between the PC1 based on the covariance matrix of the symmetric 
component in order to compare the effect of treatment on both components of shape 
variation. The symmetric component of configurations of landmarks with object symmetry 
is extracted by reflecting each configuration and relabelling the paired landmarks so they 
match with their counterpart. Then, the original and mirrored configurations are 
superimposed together by means of a generalized least-squares Procrustes fit. The average 
of the original and mirrored configuration of each specimen estimated after the overall 
superimposition represents the symmetric component of shape.
Finally, the amount of phenotypic variation within groups was estimated using the 
symmetric component of shape variation (Klingenberg et al., 2002; Mardia et al., 2000). The 
consensus of each group of specimens obtained after the superimposition is also symmetric, 
and thus the distances of specimen averages with respect to their group mean is a measure of 
variation in shape. The distance from each specimen to the consensus of its group was 
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calculated as the root of square-sum of differences between specimens coordinates and the 
consensus shape. To test whether the amount of variation differed among groups, we 
computed a permutation ANOVA of the individual deviations from the respective group 
averages, using age and treatment as the independent variables.
Both components of shape variation (symmetric and asymmetric) as well as centroid size 
were obtained in MorphoJ 1.05c (Klingenberg, 2011). This software was also used to 
calculate the Procrustes ANOVA and compare the angles between eigenvectors of the 
covariance matrices of the symmetric and asymmetric components of shape. All other 
analyses were performed using the base and lmPerm packages for R (R Core Team 2012).
Results
a. Size
Protein restriction in maternal diet resulted in fetal growth impairment, which affected 
cranial growth. At E17.5, skull size was 2.5% smaller in the protein restricted than in the 
Control group, although differences were not significant (Fig. 2). Size decrease was more 
noticeable at E18.5, where skulls were 5% and significantly smaller in the restricted group 
(Fig. 2). Differences in cranial size due to age and treatment, as well as the interaction factor 
age:treatment were highly significant (P<0.05 with 5000 iterations).
Two-factor ANOVA tests of skull centroid size revealed a significant effect of the 
interaction individual by side, indicating that FA in size was detectable for every age and 
treatment (Table 1). Although the percentage of total variation accounted by FA was small 
(less than 1%), it was 10 to 20 fold higher than measurement sum-of-squares error. In 
addition, the effect of side (representing DA) was significantly different from zero at E17.5 
and E18.5, in both protein restricted and control groups. It is noteworthy, however, that the 
amount of variance explained by differences between left and right sides were 2 to 20 fold 
lower than the variance explained by FA. The largest source of variability in skull size was 
represented by among-individual differences, but this effect is of no interest in this study. 
Overall, these results indicated that measurement error can be neglected as a confounding 
factor in the estimation of FA, while the effect of DA needs to be considered prior the 
comparison of FA among groups.
The signed L-R mean was positive in the four groups, indicating that the left side was in 
average larger than the right side. FA in centroid size, after correcting by DA was higher in 
the restricted protein groups at both ages, although the differences were not significant 
neither at E17.5 (F1,62=1.186, P=0.280) nor at E18.5 (F1,65=0.423; P=0.518). Similar results 
were obtained using the estimators of FA corrected for ME and directional asymmetry: at 
both ages the restricted protein group had slightly higher FA10 values than control groups 
(Table 2).
Overall centroid size of each skull (estimated using all paired landmarks) was plotted versus 
the FAcs to evaluate whether or not FA is associated with size. No relation was found 
between these variables, indicating that the degree of asymmetry was not size-dependent 
(results not shown).
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Concerning skull shape, Procrustes ANOVA performed on the superimposed coordinates of 
landmarks allowed the partitioning of shape variation into different sources (Table 3). The 
effect of interaction individual by side was significant in the four groups analyzed and 
accounted for 20 to 30% of total variation in skull shape (Table 3). The variance due to 
measurement error (2 to 4 %) was around 10 fold lower than FA, and thus it was negligible 
relative to the asymmetric shape variation. The side-effect was also significant, suggesting 
that the skulls displayed a noticeable DA in shape, although this factor accounted for less 
than 3% of total variation in shape (Table 3). The results obtained showed that FA is a 
significant source of variation in fetal skulls.
Due to the significant effect of side in this dataset, the sample directional asymmetry vector 
was subtracted from individual asymmetric component of shape coordinates. The Procrustes 
FA was thus estimated on the basis of the corrected coordinates. Correlations between 
Procrustes FA scores and skull CS were negative and non-significant for both corrected and 
non-corrected by DA data (r = −0.191, r = −0.205).
With regards to the effect of protein restriction on intra-individual variance, Procrustes FA 
values grouped by age and treatment were very similar (Fig. 3). Results of the ANOVA test 
with permutation performed on Procrustes FA scores showed no significant effect of age or 
treatment on the magnitude of fluctuating asymmetry. The interaction term “treatment:age” 
was not significant either. Conversely, there are noticeable differences in the amount of 
phenotypic variation among groups as measured by the Procrustes distance of each 
specimen to its group mean (Fig. 4). At E17.5 both control and low protein groups display 
similar values, but at E18.5 the variance of the control group drops while in the low protein 
group remains as high as at the earlier stage. The ANOVA test with permutations confirmed 
this result, showing a significant effect of age on the Procrustes distances to the group 
consensus (P<0.05, 5000 iterations).
The comparison of angles between the first asymmetric PC from control and LP groups 
shows that the values do not differ from expected values for pairs of random vectors (Table 
3). Consequently, patterns of shape asymmetry were modified by the environmental 
perturbation induced even though this factor did not have a significant effect on the 
magnitude of FA. Conversely, the pattern of variation of the symmetric component was 
similar between control and treated groups, as is shown by the low and significant values of 
the angles between PCs1 (Table 4). In order to visually compare the patterns of shape FA 
among treatments we display the pattern of shape change associated with the first PC 
estimated from the covariance matrices of asymmetric component (Figure 5). In addition, 
the distribution of eigenvalues for each group is shown in order evaluate whether shape FA 
is concentrated or evenly distributed over many directions. Although actual values are not 
comparable (Debat et al. 2011), the overall shape of eigenvalue distribution was similar in 
the four groups and showed that FA variation was mostly concentrated in the first 5 PCs.
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This study shows a significant effect of protein restriction during pregnancy on cranial 
growth, which results, by the end of gestation, in a substantial reduction of skull size. We 
hypothesized that this environmental perturbation will also increase the magnitude of FA 
given that DI is expected to increase under stressful conditions. Fetal skulls displayed 
significant levels of fluctuating asymmetry in size and shape for both control and protein 
restricted animals, however, no significant differences in the magnitude of FA were found 
between groups. As discussed below, the failure to detect an effect of prenatal malnutrition 
on cranial FA is not likely a result of methodological issues. Previous studies vary widely in 
whether they find a link between stress and FA of morphological traits and so the literature 
is contradictory in this regard (Siegel and Doyle, 1975, Siegel et al., 1977; Sciulli et al., 
1979; Markow, 1995; Woods et al., 1999; Graham et al., 2000; Stige et al., 2004). 
Discrepancies among reports may be due to the effect of multiple factors tested - 
temperature, nutrition, radiation, density, noise, etc.- on development, variation in response 
to stress among species, the intensity of stress used in the study and the ontogenetic period 
examined.
In this study, animals were exposed to a significant reduction in nutrient supply during a 
critical period of growth. One possible explanation for our finding that FA did not increase 
with stress is that errors in development accumulate along ontogeny (Hallgrímsson, 1998, 
1999) and thus, differences in FA between undernourished and control groups will arise 
later in ontogeny. However, similar findings were attained in a previous study where we 
showed that exposing rats to food restriction from birth to adulthood did not increase the 
amount of FA of the skull (Gonzalez et al., 2012). Jones and German (2005) also found that 
groups of rats fed on protein restricted and control diets from weaning to adulthood 
displayed a relative lack of differences in the individual variation around the growth curves 
fitted to longitudinal data of each specimen. These results suggest that individual growth 
trajectories are robust to external perturbation. Another alternative is that under nutritional 
stress, resource allocation affects somatic growth but not the mechanisms responsible for 
developmental buffering, which consume around 2% of a cell’s energy (Scriver, 2002). To 
the best of our knowledge no study has estimated how these mechanisms would be affected 
by nutrient deprivation. Additionally, the lack of association between FA and stress might be 
due to strong selection for symmetry which has reduced its sensitivity to stress (Van Dongen 
et al., 2009). This hypothesis has been claimed to explain why several developmental 
disorders that result in major morphological abnormalities in human fetuses have no effect 
on limb FA while others result only in a moderate increase in limb FA (Van Dongen et al., 
2009; Wijnaendts et al., 2010).
Contrary to what was observed for the magnitude of FA, at E18.5 the amount of among-
individual variation in the cranial shape was higher in the low protein group than in control 
animals. Comparable results were obtained in a sample of rats exposed to early calorie 
restriction, which displayed higher variation in size and shape than the animals fed ad 
libitum on a regular diet (Gonzalez et al., 2011). In the same way, prolonged protein 
restriction was shown to increase the variation among individual growth trajectories (Jones 
and German, 2005). These findings suggest that the effects of environmental perturbations 
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on within-group variation and FA, and thus on canalization and developmental stability, 
might be relatively independent. Even when organisms have been selected for high 
robustness against developmental noise, their differential susceptibility to environmental 
perturbations might remain. Consequently, measures of phenotypic variation among 
individuals may be taken as valid and independent estimations of the buffering capacity of 
development against external factors. However, one of the main shortcomings of using this 
approach with natural populations is the confounding effect of microevolutionary processes 
such as gene flow, migration and genetic drift, which can also affect the levels of phenotypic 
variation within groups.
Because the power of statistical tests to detect differences in FA among groups is highly 
affected by both measurement error and directional asymmetry, the influence of these 
factors in the results obtained here needs to be taken into account. For both components of 
morphological variation -size and shape-, we found that FA exceeded the amount of 
measurement error. In addition, significant differences in mean size and shape of left and 
right sides of the skull were found, although directional asymmetry accounted for a very low 
proportion of total variation. Despite the similarities between the results obtained for CS and 
shape, there were also remarkable differences, particularly in the amount of total variance 
explained by FA. While only 1% of total variability in size was due to FA, up to 30% of 
shape variation was explained by FA. Skull shape was described using a set of coordinates 
of landmarks, which allows describing the overall asymmetry in a single analysis. As the 
asymmetry across traits is summed, the asymmetric component of total variation is 
increased. This is of great importance when several samples are compared because the 
chances of finding significant differences are strongly correlated with the proportion of FA 
compared to ME. Van Dongen (1999) demonstrated that when FA largely exceeds ME, two 
repeated measurements on a sample of 20 individuals have a 100% power of detecting FA in 
a single sample. In addition, previous simulation studies have shown that combining 
multiple univariate descriptors or using shape as FA estimators increases the possibilities of 
detecting a relationship between developmental instability and FA (Leung et al., 2000; 
Palmer et al., 2010). Overall, our study supports the view that multivariate descriptors of 
morphological traits are preferred in order to use FA as a measure of the degree of 
developmental instability among individuals exposed to different genetic and environmental 
factors.
One interesting finding that deserves further examination is that the environmental 
perturbation induced changes in the spatial pattern of FA of the skull while its magnitude 
was not affected. The relationship between the degree and the pattern of asymmetry in 
morphological traits has not been extensively studied yet, partially due to some limitations 
of traditional morphometric techniques for analyzing spatial patterns of shape change 
(Adams et al., 2004). It has been suggested that increments in the magnitude of FA in 
Drosophila wings are caused by an amplification of the same developmental processes as the 
spatial patterns of shape asymmetry remains unchanged (Debat et al., 2011). Our results 
point out that the processes underlying developmental instability might be altered by 
environmental perturbations, resulting in changes in the patterns of FA, and simultaneously 
the magnitude of overall asymmetry remains constant.
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In sum, the evidence discussed in this work show a lack of association between early 
nutritional stress and an increase in the magnitude of fluctuating asymmetry in cranial shape 
and size. Even when multiple traits were analyzed jointly and the amount of FA exceeded 
the measurement error by a large and significant margin, the specimens under severe protein 
reduction did not display higher levels of FA compared to the control group. This is in 
agreement with some of the previous experiments on other organisms that also failed to find 
higher levels of FA in phenotypic traits under conditions of nutritional stress (Stige et al., 
2004; Vishalakshi and Singh, 2007; Vijendravarma et al., 2011). Although findings in 
animal models have to be taken with caution because they are difficult to extrapolate to 
other species, similarities in developmental structure between human and rodent skulls 
(Martinez-Abadias et al., 2012) validate the inferences made from this study regarding the 
effect of environmental factors on fluctuating asymmetry in human populations. Overall, the 
results obtained here from a controlled experiment do not support the view of fluctuating 
asymmetry of cranial structures as a reliable index for inferring stress in past human 
populations.
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Coordinates of landmarks used to describe size and shape of fetal skull.
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Centroid size of the skull in low protein (LP) and control (C) groups at the two prenatal 
stages studied (E17.5 and E18.5).
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Procrustes scores of fluctuating asymmetry in low protein (LP) and control (C) groups at the 
two prenatal stages studied (E17.5 and E18.5).
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Shape variation within groups measured as the Procrustes distance of each specimen to its 
group mean. Low protein (LP) and control (C) at 17.5 and 18.5 days post-conception.
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Distribution of eigenvalues from the principal component analysis of the asymmetric 
component of cranial shape in low protein (LP) and control (C) groups at 17.5 and 18.5 days 
post-conception. Wireframes depict the asymmetric shape variation from the mean (light 
gray) to the positive extreme of the first principal component (dark gray) for each group.
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Table 2
Directional (DA) and fluctuating asymmetry (FA) of centroid size.
Group DA = (L-R) FA = |(L-R)-DA| FA10
E17.5 LPG 0.0015 0.0048 0.0048
E17.5 CG 0.0032 0.0039 0.0038
E18.5 LPG 0.0021 0.0042 0.0040
E18.5 CG 0.0034 0.0032 0.0038
L=left and R=right sides. FA10 index was estimated based on the values in Table 1.
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Table 4
Angles between first principal components (PC1) of each treatment for the asymmetric and symmetric 
components of shape.
Age Shape component Angle between PC1
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